New physics close to the electroweak scale is well motivated by a number of theoretical arguments. However, colliders, most notably the Large Hadron Collider (LHC), have failed to deliver evidence for physics beyond the Standard Model. One possibility for how new electroweak-scale particles could have evaded detection so far is if they carry only electroweak charge, i.e. are color neutral. Future e + e − colliders are prime tools to study such new physics. Here, we investigate the sensitivity of e + e − colliders to scalar partners of the charged leptons, known as sleptons in supersymmetric extensions of the Standard Model. In order to allow such scalar lepton partners to decay, we consider models with an additional neutral fermion, which in supersymmetric models corresponds to a neutralino. We demonstrate that future e + e − colliders would be able to probe most of the kinematically accessible parameter space, i.e. where the mass of the scalar lepton partner is less than half of the collider's center-of-mass energy, with only a few days of data. Besides constraining more general models, this would allow to probe some well motivated dark matter scenarios in the Minimal Supersymmetric Standard Model, in particular the incredible bulk and light stau (e.g. stau co-annihilation) scenarios.
I. INTRODUCTION
The hierarchy problem and the WIMP (Weakly Interacting Massive Particle) paradigm both point to new physics close to the electroweak scale. However, after nearly a decade of operations, the Large Hadron Collider (LHC) has not delivered evidence for physics Beyond the Standard Model (BSM). While it is possible that the scale of new physics is beyond the reach of the LHC, it is also possible that new electroweak-scale particles are lurking in a blind spot of the LHC.
Prime examples of models that could have thus far evaded detection include those where the new states are charged only under electromagnetism and not under the strong force (Quantum Chromodynamics, QCD). While such new states may still have sizable production cross sections at hadron colliders, the signal can easily be drowned out by SM QCD processes. The background conditions at hadron colliders are particularly challenging when the BSM scenario yields only relatively soft visible decay products, as is the case for compressed BSM spectra where several new particles are nearly degenerate in mass. Lepton colliders could probe such BSM scenarios much more easily for two reasons: First, leptons are color neutral and thus backgrounds at lepton colliders are produced via electroweak processes. Second, leptons are fundamental particles, rendering collisions at lepton colliders much cleaner than events at hadron colliders where composite protons interact.
In this work, we examine the prospects of future lepton colliders to probe scenarios where the SM is extended by * sbaum@stanford.edu † sandick@physics.utah.edu ‡ patrick.stengel@fysik.su.se scalar partners of the charged leptons. In supersymmetric (SUSY) models, such particles are referred to as sleptons. We will use SUSY-inspired language to refer to such particles in the remainder of this paper, but our results apply to a wide class of new spin zero particles charged only under electromagnetism, as we will see below. More concretely, we consider the pair production of such sleptons and their subsequent decay to the associated charged SM lepton and a new neutral fermion which leaves the detector without depositing energy. While the sensitivity of lepton colliders to new fermionic states charged only under the electroweak force, referred to as electroweakinos in SUSY language, has been studied extensively, see e.g. Refs. [1] [2] [3] [4] [5] [6] and references therein, sleptons have received considerably less attention (note important work in [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] ).
We consider BSM models extending the SM by a slepton , a spin-zero state with electromagnetic charge and lepton number one, but neutral under QCD. If we assume lepton number and flavor to be conserved, the slepton has no decay mode that includes only SM particles. Colliders constrain the mass of new stable charged scalars to be m 450 GeV [17, 18] . Charged stable particles are also severely constrained by cosmology, see e.g. Refs. [19] [20] [21] . In order to allow for the slepton to decay in a lepton number and flavor conserving manor, we introduce a neutral fermion χ which does not carry lepton number. For m χ < m + m , this opens the decay channel → + χ, where is the charged SM lepton of the same flavor as . If carries muon number, we will refer to it as a smuon µ, if it carries tau number as a stau τ , and if it carries electron number as a selectron e. SUSY models such as the Minimal Supersymmetric Standard Model (MSSM) [22] [23] [24] provide concrete realizations of BSM models with sleptons and neutral arXiv:2004.02834v1 [hep-ph] 6 Apr 2020 fermions χ. More specifically, in SUSY models the supersymmetric partners of the leptons (i.e. the sleptons) play the role of , and the partners of the neutral Higgs bosons and the electroweak gauge bosons give rise to fermionic neutral states (i.e. the neutralinos) playing the role of χ. Instead of lepton number conservation invoked above, in SUSY models R-parity ensures the stability of the Lightest Supersymmetric Particle (LSP). For our purposes, Rparity can be understood as a Z 2 symmetry under which all SM states are even, and their superpartners (i.e. the new states) are odd. If one of the neutralinos is the LSP, R-parity thus renders χ a dark matter candidate. Models where one of the smuons or staus is the next-to-LSP (NLSP) are of particular interest for dark matter model building in the MSSM because they offer a way to achieve the correct dark matter relic density, see e.g. Refs. [25] [26] [27] [28] [29] Sleptons can be pair produced at colliders, where they would then decay into a pair of opposite-sign charged SM leptons of the same flavor as the sleptons and a pair of χ's. Since the χ is, by construction, neutral and stable, it would leave the detector without depositing energy, manifesting as missing energy. For smuons and selectrons, the collider signature will thus be a pair of oppositesign same-flavor leptons plus missing energy. For staus, a number of final states arise depending on the decay mode of the taus. Leptonic tau decays give rise to particularly clean final states, and, as we will see, the most interesting final state will be a pair of opposite-sign leptons of different flavor accompanied by missing energy.
Prospects for slepton searches at hadron colliders such as the LHC have been discussed extensively in the context of the MSSM (see e.g. Refs. [30] [31] [32] [33] [34] [35] [36] [37] ). The ability to probe different parts of the parameter space depends crucially on the spectrum of SUSY particles, in particular the slepton mass m and the mass gap between the slepton and the neutralino, m − m χ . It is relatively straightforward to probe large mass gaps (m − m χ 60 GeV) at the LHC. For such mass gaps, the LHC will have discovery reach for slepton masses as large as m 500 GeV with L = O(500) fb −1 of data [37] . However, the kinematics make it difficult to differentiate the signal from the SM background coming from leptonic decays of W + W − pairs for m − m χ ∼ m W /2. In order to improve the sensitivity of the LHC to more compressed scenarios (i.e. smaller mass gaps m − m χ ), one can search for slepton pair production accompanied by an additional hard (hadronic) jet from initial state radiation (ISR). Such an ISR jet provides a transverse boost to the + − system. Using kinematic cuts taking advantage of the boosted topology, one can regain some sensitivity to the compressed region. Ref. [32] focused on the regime 5 GeV m − m χ 20 GeV, and showed that the LHC could probe this compressed region for slepton masses up to m 150 GeV. Ref. [31] obtained similar reach for the compressed regime using hadronic jets from vector boson fusion production of the sleptons instead of an ISR jet. Ref. [36] investigated the ability of the LHC to probe in-termediated mass gaps, 10 GeV m − m χ 60 GeV, using a hard ISR jet. Ref. [36] found that with the data expected to be collected in upcoming LHC runs, slepton masses up to m 200 GeV could be probed for mass gaps 10 GeV m − m χ ∼ 20 GeV, and that mass gaps larger than that are more challenging to probe because of the kinematic similarity to the SM W + W − background as m − m χ → m W /2. Note that Refs. [31, 32, 36] focused on selectrons and smuons; the LHC is even less sensitive to staus, because ( τ ± → τ ± χ) decays give rise to softer charged leptons in the final states than ( e ± / µ ± → e ± /µ ± + χ) decays.
Compared to hadron colliders, slepton searches at e + e − colliders are considerably more straightforward. Because of the absence of the underlying event and pileup, which clutter the final states at hadron colliders, and because at an e + e − collider the detector frame coincides with the center-of-mass frame of the e + e − collisions, reconstructing soft charged leptons as well as missing energy is much simpler. Furthermore, future e + e − colliders are envisaged to operate without triggers, hence, even final states containing only very soft leptons and relatively small missing energy can be used for physics searches.
Previous studies investigating slepton pair production at future e + e − colliders [7] [8] [9] [10] [11] [12] [14] [15] [16] , have primarily looked at MSSM benchmark points, or parameter space scans in one particular GUT-scale realization of the MSSM [13] . While our analysis has several practical similarities to previous studies, a more general scan of the simplified model parameter space typical of many searches for sleptons at colliders has not been presented in detail. Here, we consider a spectrum where only one smuon or stau is close to the mass of the neutral fermion χ and assume the slepton decays exclusively to χ and the SM lepton of the same flavor as the slepton. Such an approach allows us to explore the sensitivity of future e + e − colliders to general BSM models containing scalar lepton partners and new neutral fermions in a broad setting. While our results can directly be applied to SUSY models, they can also be interpreted in more general models, without the particular relations between model parameters introduced by SUSY.
A number of future e + e − colliders have been proposed, such as the International Linear Collider (ILC) [38, 39] , the Compact Linear Collider (CLIC) [40] , the Circular Electron Positron Collider (CEPC) [2, 41] , and the e + e − option of the Future Circular Collider (FCC-ee) [42] . ILC and CLIC are linear colliders, while CEPC and FCC-ee are circular colliders. Center-of-mass energies as low as √ s = 250 GeV will suffice for making progress in electroweak and Higgs precision physics, notably via production of Higgs bosons in association with a Z. New physics hiding in LHC blind spots could be evident at low center-of-mass energies, but, generally, larger √ s is more advantageous for new physics searches. The ILC has been proposed with a √ s = 500 GeV option [38, 39] , and CLIC is envisaged to reach energies as large as √ s = 3 TeV [40] . All proposed collider projects are envisaged to collect in-tegrated luminosities of a few ab −1 .
Here, we consider two concrete scenarios for an e + e − collider:
√ s = 250 GeV and √ s = 500 GeV. We compute the smallest cross section which could be probed as a function of the masses of the slepton and the new neutral fermion χ, assuming luminosities of L = 0.5 ab −1 for the √ s = 250 GeV scenario and L = 1 ab −1 for √ s = 500 GeV. As we will see, for most combinations of masses, the cross sections which could be probed with these luminosities are orders of magnitude smaller than what we expect in our model. Thus, we also compute how much luminosity would be required to probe a given combination of masses of the slepton and the new neutral fermion. We furthermore explore the effects of longitudinal beam polarization on the sensitivity. Reaching sizable polarization fractions is expected to be rather straightforward at linear colliders, while the feasibility of longitudinal beam polarization at circular colliders is a matter of ongoing debate. As we will demonstrate, achieving significant polarization fractions would make it considerably easier to probe sleptons at a future lepton collider. While we present results only for center-of-mass energies √ s ≤ 500 GeV, we can readily extrapolate from our results that an e + e − collider with larger center-of-mass energy could probe sleptons almost all the way to the pair production threshold m √ s/2 for any mass gap m − m χ with a few fb −1 of data.
This analysis is directly applicable to a number of dark matter scenarios in the MSSM where a mostly bino-like neutralino is the dark matter candidate and either a smuon [29] or a stau [25] [26] [27] [28] is the next-to-lightest SUSY particle. In the former scenario, the pair-annihilation of χ's proceeds through t-channel exchange of a smuon, which can yield the correct relic density for sizable leftright mixing. For the latter scenario, the relic density is either achieved via χ pair-annihilation through t-channel exchange of a left-right mixed stau, or via stau coannihilation. A future e + e − collider with √ s = 500 GeV could probe most of the feasible parameter space of these dark matter models, although a higher center-of-mass energy, e.g. at CLIC, would be required to fully investigate typical MSSM stau co-annihilation scenarios.
The remainder of this paper is organized as follows: In Sec. II we describe the BSM model studied here in more detail. In Sec. III we describe the numerical collider simulations we use to compute the sensitivity of future e + e − colliders to sleptons, and, in particular, the set of kinematic cuts we use to reduce the SM background. In Sec. IV we show results for the sensitivity of future e + e − colliders with √ s = 250 GeV and √ s = 500 GeV in the (m , m χ ) plane. We present our conclusions in Sec. V. Additional details about the kinematic cuts we use for the event selection can be found in the Appendices.
II. MODEL SETUP
We extend the SM by spin zero partners of the charged leptons with electromagnetic charge Q = −e and to which we assign lepton number one. We denote these spin zero partners according to their flavor, = e, µ, τ , and for simplicity we refer to e as selectrons, µ as smuons, and τ as staus throughout the text. We assume the conservation of lepton and baryon number (as well as flavor), which ensures the stability of the lightest slepton. 1 We assume the sleptons to be the Q = −e component of an SU (2) L multiplet. We limit ourselves to considering sleptons stemming from SU (2) L singlets and SU (2) L doublets in this paper, although our results straightforwardly extend to sleptons stemming from larger representations. In analogy to the SM conventions, we refer to sleptons stemming from SU (2) L singlets as right-handed sleptons R , and states stemming from SU (2) L doublets as left-handed sleptons L . We assume flavor conservation, forbidding mixing between sleptons of different flavor, but allow for intergenerational mixing, i.e. left-right mixing. We write the mass eigenstates i = 1,2 for each flavor as
where α is the left-right mixing angle and 1 is the lighter of the two states (m 1 < m 2 ). In order to give the sleptons decay channels, we add a new fermion χ with Q = 0 to the model. If this new fermion does not carry lepton number, it opens a decay channel ( ± → χ ± ) if m χ < m − m , where ± is the charged SM fermion of the same flavor as . The fermion χ, which we refer to as a neutralino, can again stem from a non-trivial representation of SU (2) L , although this does not impact the phenomenology considered here. The relevant terms in the Lagrangian are
where κ is a free dimensionless coupling. Note that gauge invariance dictates all interactions of the sleptons and the neutralinos with the SM gauge bosons. We have omitted additional operators which couple pairs of sleptons or neutralinos to the Higgs doublet; they do not lead to any relevant new interactions.
The assumption of lepton and baryon number conservation renders the lightest state of the sleptons (of a given flavor) and neutralinos stable. An alternative route to achieving such stability and ensuring that the sole decay channels of the sleptons and neutralinos are ( ± → χ ± ) or (χ → ± ∓ ) would have been to impose a Z 2 symmetry under which the sleptons and neutralinos are odd while all SM fields are even. Before continuing, let us stress that while we use SUSY-inspired language to refer to the new states in this model, SUSY would not impact our results. This is because the only effect of SUSY on this model would be to relate the coupling κ to other couplings in the SUSY model, assuming that all other BSM states are heavier than the sleptons and the neutralino. Since this coupling gives rise to the sole decay channel of the sleptons/neutralinos, the numerical value of κ has no effect on the phenomenology. In SUSY models, Rparity would have played the role of the Z 2 symmetry mentioned above, ensuring the stability of the lightest new state instead of lepton number conservation.
At e + e − colliders, sleptons may be readily pair produced via s-channel exchange of photons and Z bosons. Selectrons may also be pair produced via t-channel exchange of a neutralino. If m < m χ , the slepton will be stable and thus the collider signature will be the pair production of new stable charged particles. Searches carried out at the LHC rule out such new stable charged particles for m 450 GeV, see e.g. Refs. [17, 18] . When considered in combination with constraints from the formation of exotic atoms containing the sleptons, which can subsequently alter the light element abundances produced during big bang nucleosynthesis (see e.g. Refs. [19, 20] ), such charged particles indeed cannot be completely stable. We thus focus on the m χ < m case in the remainder of this work, where the neutralino is a neutral, stable particle and, thus, constitutes a good dark matter candidate. Indeed, a number of SUSY-motivated dark matter models feature a SUSY neutralino as the lightest new state and a slepton as the next-to-lightest, see e.g. Refs. [25] [26] [27] [28] [29] .
If m χ < m , each of the sleptons will decay to a charged SM lepton of the same flavor and a neutralino, as shown in Fig. 1 . Since the neutralinos are neutral and stable, they will leave the detector without depositing energy, manifesting as missing energy / E. In summary, the final states observable at a lepton collider are
• for selectrons ( = e), a pair of opposite sign electrons accompanied by missing energy, (e + e − + / E);
• for smuons ( = µ), a pair of opposite sign muons accompanied by missing energy, (µ + µ − + / E);
• for staus ( = τ ), the final state depends on the decay mode of the τ ± produced in the ( τ ± → χτ ± ) decays. The cleanest final states arise from leptonic decays of the taus, resulting in (e + e − + / E), (e ± µ ∓ + / E), and (µ + µ − + / E) final states.
While interesting, selectron pair production is most difficult to probe because the (e + e − + / E) final state suffers from relatively large backgrounds at e + e − colliders. Note that unlike for smuons and staus, the selectron pair production cross section also depends on the value of the
Illustration of slepton pair production via Z-boson and photon exchange at a lepton collider and subsequent decays of the sleptons into a charged SM lepton of the same flavor as the slepton and a neutralino χ. Note that for selectrons ( = e) there are additional (e + e − → e + e − ) production diagrams where a neutralino χ is exchanged in the t-channel. We only consider the production of smuons and staus in this work. As discussed in the text, although we use SUSY-inspired language to refer to the states and χ, our analysis is not confined to SUSY models. coupling κ. Furthermore, from the standpoint of dark matter model building, achieving sufficiently large annihilation cross sections for canonical freeze-out production requires large left-right mixing of the selectrons, which is generally in conflict with measurements of the electric and magnetic dipole moments of the electron, see e.g. Ref. [29] . Thus, we focus on smuon and stau production in this paper.
As we will see below, the most challenging background for µ + µ − + / E final states comes from W + W − pair production (as well as ZZ pair production). At the centerof-mass energies proposed for future e + e − colliders, the photon components of the electron/positron beams become non-negligible. This gives rise to sizable (γγ → µ + µ − ) backgrounds which have non-vanishing / E since the center-of-mass system of γγ collisions can feature sizable boosts along the beam axis. For stau searches, the most sensitive final state is (e ± µ ∓ + / E). This channel has much smaller background rates than the final states with a same-flavor lepton pair. For example, compared to the (µ + µ − + / E) final state, backgrounds from ZZ pair production and (γγ → µ + µ − ) are absent.
Future lepton colliders, in particular linear colliders such as the ILC or CLIC, are envisaged to operate with the option of sizable longitudinal beam polarization. This is advantageous for slepton searches, as the cross sections of both the most relevant background processes as well as the signal production cross sections are non-trivial functions of the beam polarization. Thus, it is useful to write the production cross section at lepton colliders in terms of the polarized production cross sections
where σ ij with {i, j} = {L, R} is the cross section from e − i e + j states, and f i is the (longitudinal) beam polarization fraction
with the number of left-(right-)polarized electrons in the beam n L (n R ). The beam polarization is commonly parameterized by
and we use this convention in the rest of this work.
In particular, we denote the polarization as P = [P R (e − ), P R (e + )], where P R (e ± ) denotes the polarization of the electron/positron beam. In this notation, P R = 0.8 (P R = −0.8) corresponds to a right-(left-)handed beam polarization fraction of f R = 90 % (f L = 90 %), and P R = 0 corresponds to an unpolarized beam. For slepton searches, W + W − pair production is one of the most problematic background sources. Because W -bosons directly couple to left-handed leptons, but not to right-handed leptons, the production cross section of W + W − pairs can be efficiently suppressed at lepton colliders by choosing mostly right-handed polarizations for the electron and positron beams. The production cross section of left-handed sleptons also falls with increasing right-handed beam polarization, while the production cross section of pairs of right-handed sleptons grows with the right-handedness of the beams.
The production cross section for pairs of smuons or staus can be written as 2
where s is the squared center-of-mass energy, α EM is the fine structure constant, m Z is the mass of the Z-boson, and θ is the scattering angle in the center-of-mass frame.
The effective coupling of pairs of sleptons to Z-bosons is
where sin θ W is the weak mixing angle and α is the leftright slepton mixing angle, as in Eq. (1). Likewise, the effective coupling of left-(right-)handed electrons to Z bosons is parameterized by
Smuon and stau pair production proceeds via s-channel exchange of a photon or a Z-boson. Since neither the photon nor the Z-boson couple to combinations of one left-handed and one right-handed electron, σ RL = σ LR = 0.
For non-zero left-right mixing sin α = 0, (e + e − → 1 2 ) production is possible. Photons do not couple to 1 2 , so production proceeds only via s-channel exchange of Z-bosons. The differential cross section can be written as
where m 1 and m 2 are the masses of 1 and 2 , respectively. The different processes for slepton production at lepton colliders, in particular both the amplitudes mediated by the massive Z-boson and the massless photons, all yield the same dependence on the scattering angle
cf. Eqs. (6) and (10) . The sole effect of changing the polarization of the electron/positron beams and/or the left-right mixing angle α on the signal spectra is thus to change the normalization, not the shapes of the kinematic distributions. Finally, the production cross sections of the observable final states can be obtained by taking into account the relevant branching ratios as long as the narrow width approximation holds. For smuons, the (µ + µ − + / E) final state production cross section is
where BR( µ ± → χµ ± ) is the branching ratio of the smuon into a neutralino and a muon, and σ(e + e − → µ + µ − ) is the production cross section of the µ mass eigenstate considered which is obtained via Eq. (3) after inserting and integrating the relevant differential cross sections Eq. (6) or (10) . As discussed earlier, in our simplified model, the smuon branching ratio is BR( µ ± → χµ ± ) = 1 regardless of the values of κ and α as long as m µ > m χ + m µ , and 0 otherwise. However, in extended models where additional decay channels are allowed, e.g. in SUSY models with additional states lighter than the smuon, the value of the branching ratio can differ from one. Likewise, for stau production in the (µ + µ − + / E) final state, the cross section is given by
where again the branching ratio BR( τ ± → χτ ± ) = 1 as long as m τ > m χ + m τ . The production cross section for the (
Note that due to the branching ratios of the leptonic τ decays
the relevant signal cross sections for staus are a suppressed by a factor of ∼ 1/30 compared to the smuon signal cross sections.
III. COLLIDER SIMULATIONS
In order to estimate the sensitivity of future e + e − colliders to charged lepton partners, we numerically simulate signal and background events.
We use MadGraph5 aMC@NLO v2.6.1 [43] for the generation of the hard event, pythia6 [44] for showering, and the fast detector simulation Delphes3 [45] . For (charged lepton + / E) final states at an e + e − collider, the results of showering and detector effects are only to smear the momenta of the detectable final states and to account for loss of charged leptons due to geometric detector coverage and mis-identification. Since the energy reconstruction of Background process # of samples charged leptons is comparatively easy at e + e − colliders, the precise implementation of the detector does not have large effects on the sensitivity in (charged lepton + / E) final states. For concreteness we use the Delphes detector card from Ref. [46] based on proposed ILC detector designs.
We simulate background and signal processes for two center-of-mass energies, √ s = 250 GeV and √ s = 500 GeV, as well as for three different polarization settings, P = (0, 0), P = (0.8, 0.3), and P = (−0.8, −0.3), as defined in Eq. (5) .
We describe the background and signal simulations for the (µ + µ − + / E) and (e ± µ ∓ + / E) final states in Sec. III A and Sec. III B, respectively. In order to define a set of kinematic cuts for the event selection, we compare the kinematic distributions of the backgrounds to those of the signal for benchmark values of the slepton and neutralino masses. We discuss the most relevant features of the kinematic cuts employed here in the respective subsections; a more detailed description can be found in the Appendices A and B.
A number of SM processes can give rise to (µ + µ − + / E) final states at an e + e − collider. We simulate SM processes giving rise to a pair of opposite charge muons and zero, two, or four neutrinos (of any flavor). For each final state, we simulate event samples stemming from e + e − collisions as well as from γγ collisions. As discussed above, the latter initial state arises from the photon components of the electron and positron beams, which become non-negligible at the center-of-mass energies considered here. We use the default implementation of the electron's photon component in MadGraph5, which is based on the parameterization in Ref. [47] .
Out of these background processes, (e + e − → µ + µ − ) events have no / E at the truth level. Nonetheless, such events can feature / E > 0 in the detector because of mismeasured momenta of the leptons. (γγ → µ + µ − + / E) events on the other hand have non-vanishing / E in the detector frame already at the truth level, because the center-of-mass frame of the γγ system can have sizable boosts along the beam axis with respect to the detector frame. Note though that (γγ → µ + µ − + / E) events have no true transverse missing energy. All other background processes considered here feature true missing transverse energy from the neutrinos. In Tab. I we list the number of events simulated for each of the background categories, which were chosen to yield sufficiently well-sampled background distributions after kinematic cuts. Note that we oversample (γγ → µ + µ − ) events because only the tails of the distributions from such events will survive our kinematic cuts.
In order to differentiate the signal from the background spectra, we employ a set of kinematic observables:
• the momentum of the leading (charged) lepton, p( 1 ),
• the (cosine of) the polar angle of the leading lepton with respect to the beam axis, cos θ( 1 ),
• the invariant mass of the charged lepton system, m ,
• the opening angle between the charged leptons in the plane transverse to the beam axis, ∆φ( + , − ),
• the missing energy, / E,
• the (cosine of) the polar angle of / E with respect to the beam axis, cos θ( / E).
We employ a series of kinematic cuts on these variables in order to suppress background events, see Appendix A for a more detailed discussion. The numerical values of the cuts can be found in Tab. II and the labels of Fig. 2 .
In order to reduce the backgrounds from (e + e − → µ + µ − ) and (γγ → µ + µ − ) events, we employ a lower cut on / E, an upper cut on cos θ( / E) , and an upper cut on ∆φ( + , − ). These cuts effectively demand events to feature transverse missing energy.
In order to reduce the remaining backgrounds, we employ two separate cuts on m : Background events where the charged leptons stem from the decay of an on-shell Z-boson are suppressed by excluding events where m m Z . Furthermore, in the (e + e − → µ + µ − → µ + µ − χχ) signal events, some of the center-of-mass energy is absorbed by the production of the (stable) massive neutralinos in the final state. For the background events on the other hand, no heavy particles are present in the final state. Thus, we utilize an upper cut on m to reject backgrounds where all neutrinos are soft and hence m → √ s. Finally, signal events are produced via schannel processes, while much of the background stems from t-channel processes, e.g. (e + e − → W + W − ) pair production via t-channel exchange of a neutrino. Compared to s-channel processes, t-channel processes result in charged leptons that are more collimated along the beam axis, thus, we use an upper cut on | cos θ( 1 )|.
In momenta, p( 1 ), after these cuts for the backgrounds (stacked histograms) together with the signal distributions for various benchmark values of the smuon and neutralino masses. The p( 1 ) distribution is the final discriminating variable; in Sec. IV we project the sensitivity of future e + e − colliders as a function of smuon and neutralino masses by optimizing a signal window in p( 1 ) in addition to the kinematic cuts described above. Note that here and in all other figures showing background spectra, we select (post simulation) background events in the (µ + µ − + 2ν) final state which feature a pair of intermediate on-shell W + W − bosons and show them separately from the other (µ + µ − + 2ν) background.
The shape of the p( 1 ) spectrum is controlled by m µ and the ratio m χ /m µ . It is straightforward to work out from the kinematics that the (true) momenta of the muons lie in between [11] 
where we neglected the muon mass, β = 1 − 4m 2 µ /s is the boost of the smuon in the detector frame, and γ = 1/ 1 − β 2 . For compressed spectra, m χ → m µ , the muons become soft, even for m µ √ s/2. As we will see in Sec. IV, e + e − colliders remain sensitive to slepton pair production even for m χ → m µ .
The signal spectra in Fig. 2 are for production of righthanded smuons µ R . As discussed in Sec. II, considering instead left-handed smuons µ L or left-right mixed mass eigenstates (e + e − → µ 1 µ 1 → µ + µ − χχ) with µ 1 = µ L cos α + µ R sin α, would only have changed the production cross section, i.e. the normalization, but not the shape of the kinematic distributions. In Fig. 3 we show the production cross sections for smuons and staus as a function of the left-right mixing angle α. For nonpolarized beams with P = (0, 0), the production cross section is only weakly dependent on α. For mostly righthanded [left-handed] initial electron and positron beams,
3)] on the other hand, the production cross section for left-handed smuons/staus is a factor of ∼ 4 smaller [larger] than the production cross section for right-handed smuons/staus.
Similarly, much of the background involves the production of electroweak gauge bosons. Since W -bosons couple to pairs of left-handed fermions, but not to right-handed fermions, the normalization of various background components also depends on the beam polarization. Generally, the more right-handed the electron and positron beam polarizations become, the less SM background is produced in the (µ + µ − + / E) final state. In Fig. 4 we show the distribution of the leading lepton momenta for the backgrounds together with benchmark signal spectra for right-handed smuons for mostly left-handed beam polarizations P = (−0.8, −0.3) in the left panel and mostly right-handed beam polarization P = (0.8, 0.3) in the right panel. As anticipated, mostly right-handed beam polarization is the preferred configuration when probing right-handed smuons. The sensitivity to left-handed smuons on the other hand is virtually independent of the beam polarization since the signal production cross section and those of the most relevant backgrounds scale similarly with the beam polarizations.
Let us briefly comment on probing stau pair production in the (µ + µ − + / E) final state. As discussed in Sec. II, the signal cross section is suppressed by a factor of [BR(τ ± → µ ± ν τ ν µ )] 2 ≈ 1/30 compared to the smuon case. Furthermore, because of the production of the additional neutrinos in the tau decays, the muons in the final state will be softer than in the smuon case. In combination, these effects make it rather challenging to probe stau pair production in the (µ + µ − + / E) final state, even when employing more aggressive kinematic cuts (see Fig. 13 and associated discussion in the Appendix). The (e ± µ ∓ + / E) final state discussed in the subsequent subsection is a more promising alternative for probing staus.
The (e ± µ ∓ + / E) final state is in many respects similar to the (µ + µ − + / E) final state discussed in the previous subsection. However, some SM processes which give rise to backgrounds in the (µ + µ − + / E) final state are absent for (e ± µ ∓ + / E), which affects our choice of kinematic cuts. In particular, (e + e − /γγ → e ± µ ∓ ) processes are forbidden by flavor conservation; any final state at e + e − colliders containing exactly one electron and one muon must contain at least two neutrinos. Thus, there is no need to use the cuts on / E and cos θ( / E) we employed in the (µ + µ − + / E) final state to reduce the (e + e − /γγ → µ + µ − ) events which have no true (transverse) missing energy. Furthermore, for the (µ + µ − + / E) final state, we excluded events where the invariant mass of the charged lepton system satisfied m m Z to suppress backgrounds where the charged lepton pair stems from the decay of an (onshell) Z-boson. Since (Z → e ± µ ∓ ) decays are forbidden, the corresponding background is absent in the (e ± µ ∓ + / E) final state and we do not use such a cut.
On the other hand, as already mentioned at the end of Sec. III A, the charged leptons arising from stau pair production are softer than in the smuon case because of the additional neutrinos produced in the (τ ± → ± ν τ ν ) decays. Furthermore, the momenta of the four neutrinos and two neutralinos in the final state will partially cancel. Hence, signal events typically feature relatively small / E, and we use an upper cut on / E. Because of the massive neutralinos in the final state, signal events on average feature smaller opening angles between the charged leptons ∆φ( + , − ) than the background events for which the final state contains only massless neutrinos in addition to the charged leptons. Thus, we use an upper cut on ∆φ( + , − ). Finally, as discussed above for the (µ + µ − + / E) final state, signal events are produced via s-channel processes while much of the background arises from t-channel processes. Thus, we use an upper cut on |cos θ( 1 )| to select events.
In Fig. 5 we show the distributions of the leading lepton momenta p( 1 ) of the backgrounds compared to the signal distributions for benchmark values of the stau and neutralino masses after these kinematic cuts. We simulate the same number of background events as for the analogous background in the (µ + µ − + / E) final state, cf. Tab. I. Note that the leading lepton 1 can either be the electron or muon in the final state. In all signal and background processes, electrons and muons can be interchanged (when interchanging the neutrino flavors accordingly). Furthermore, muons and electrons have masses much smaller than the center-of-mass energy of the collisions considered here. Thus, treating the kinematic variables for the muon and electron in the final state separately would not yield additional information.
Comparing Fig. 5 with Fig. 2 , we can see the impact of the differences of both the background and signal spectra discussed above between stau searches in the (e ± µ ± + / E) final state and smuon searches in the (µ + µ − + / E) final state. Since there is no analogous process to (γγ → µ + µ − ) in the (e ± µ ∓ + / E) final state, there is much less background at small values of the leading lepton momentum. This is advantageous for stau searches, because for the reasons discussed above, the charged leptons from staus are softer than those arising from smuon pair production. The effect of changing the polarization of the electron/positron beams on the signal and background spectra is analogous to the smuons in the (µ + µ − + / E) final state (see the discussion in Sec. III A).
IV. PROJECTED SENSITIVITY
In order to project the sensitivity of future e + e − colliders to slepton production, we simulate signal samples for a grid in the masses of the slepton and the neutralino. We perform such simulations for smuons in the (µ + µ − + / E) final state and for staus in both the (µ + µ − + / E) and (e ± µ ∓ + / E) final states. We use the background simulations for the respective final states and kinematic cuts discussed in Sec. III (see Tabs. II, III, and IV for summaries of the cuts, or Figs. 2, 5, and 13 ).
In addition to these kinematic cuts, we optimize a window in the leading lepton momentum p( 1 ) for each mass point. In order to evaluate the sensitivity, we compare the number of signal events S in the signal window to the uncertainty of the number of background events B via the Signal to Noise Ratio (SNR),
The denominator is the quadratic sum of the statistical error ( √ B) and the systematic error (∆B), which we parameterize via the relative systematic error ∆. We consider a mass point the be within reach if the SNR satisfies SNR > 3. In addition, we also demand the number of signal events to be S > 5. We assume a relative systematic uncertainty of the backgrounds of ∆ = 5 %.
In Figs. 6-10 we present results in the (m , m χ ) plane for center-of-mass energies √ s = 500 GeV and √ s = 250 GeV. We present results for different configurations of the longitudinal beam polarizations, and use two figures of merit: 1) we fix the integrated luminosity to L = 1 ab −1 (L = 0.5 ab −1 ) for √ s = 500 GeV ( √ s = 250 GeV) and compute the minimal value of the signal cross section σ min which could be probed at a future collider. 2) We fix the signal cross section to the value expected in our model presented in Sec. II, and compute the smallest integrated luminosity L min required to probe a point of given slepton and neutralino mass. Note that the signal cross section in our model coincides with that of SUSY models such as the MSSM as long as the sought after slepton and neutralino are the next-to-lightest and lightest supersymmetric particle, respectively.
A.
√ s = 500 GeV
In Fig. 6 we show the sensitivity in terms of the smallest cross section, σ min , which could be probed for smuons in the (µ + µ − + / E) final state (left panel) and staus in the (e ± µ ∓ + / E) final state (right panel) for mostly righthanded polarization of the electron and positron beam, P = (0.8, 0.3).
The sensitivity to smuons in the (µ + µ − + / E) final state is best for relatively compressed spectra when the ratio of the neutralino and the smuon mass takes values m χ /m µ ∼ 0.9. For such mass spectra, the distribution of the kinematic variables we use to separate signal from background, in particular the p( 1 ) distribution after kinematic cuts, is quite different from the background and cross sections as small as σ min = O(0.1) fb could be probed at a √ s = 500 GeV collider with L = 1 ab −1 of data. For more compressed spectra, i.e. m χ /m µ 0.9, the charged leptons become too soft, making them more difficult to differentiate from the background, in particular (γγ → µ + µ − ), cf. Fig. 2 . For less compressed spectra on the other hand, i.e. m χ /m µ 0.9, the charged leptons become harder, making the kinematic distributions of the signal more similar to those of the backgrounds from gauge boson pair production, in particular from W + W − . Note that the sensitivity also improves as the smuon mass approaches the kinematic edge for smuon pair production, m µ → √ s/2. In this limit, the smuons are produced at rest and thus the muon momenta approach a monoenergetic distribution
which is rather easy to distinguish from the smooth p( 1 ) distribution of the backgrounds. For stau searches in the (e ± µ ∓ + / E) final state the behavior of σ min with the stau and neutralino masses is different from the smuon case in the (µ + µ − + / E) final state for two reasons: 1) this final state does not suffer from large backgrounds for very soft leptons because there is no background process analogous to (γγ → µ + µ − ), and 2) the charged leptons from the stau signal are not promptly produced in the ( µ ± → µ ± χ) decay but via an additional decay step, τ ± → (τ ± → e ± /µ ± + 2ν) + χ. The effect of the first difference is that this channel is sensitive to very small cross sections σ min O(0.1) fb even for extremely compressed spectra where m χ → m τ . The sensitivity only starts deteriorating as the mass gap becomes too small to produce on-shell taus, m τ − m χ m τ = 1.8 GeV. On the other hand, due to the latter difference 2), the sensitivity to staus does not improve as the stau mass approaches the kinematic edge, m τ → √ s/2. Unlike in the smuon case, the charged leptons measured in the detector are now produced from the tau decays and hence do not become monoenergetic in this limit.
In Fig. 6 we also indicate where the sensitivity σ min is equal to the production cross sections of the respective final states in the simplified slepton model discussed in Sec. II by the solid black and dashed red lines. We stress that the cross section in our model coincides with the corresponding cross section in SUSY models if the slepton and the neutralino are the next-to-lightest and √ s = 500 GeV, P = (-0.8,-0.3) √ s = 500 GeV, P = (0.8,0.3) Here, we assumed that the smuon can only decay into a muon and a neutralino, BR( µ ± → µ ± χ) = 1, cf. the discussion in Sec. II. Note that the value of the smuon pair production cross section is fixed by the gauge couplings of the smuons, hence, the production cross section in our model discussed in Sec. II is the same as the cross section in SUSY models if the smuon and the neutralino are the next-to-lightest and lightest supersymmetric particles, respectively. The dashed (solid) black line indicates L min = 10 fb −1 (L min = 1 ab −1 ). lightest supersymmetric particle, respectively. In the region to the left and below these lines, the production cross section in our model is larger than the projected sensitivity and hence the corresponding combination of slepton and neutralino masses could be probed at a √ s = 500 GeV e + e − collider. As we can see from Fig. 6 , with L = 1 ab −1 of data, virtually the entire smuon parameter space where m µ < √ s/2 and m χ < m µ could be probed. Likewise, for staus we find that most of the corresponding parameter space could be probed in the (e ± µ ± + / E) final state, although the coverage is not as good as in the smuon case for small values of m χ /m τ and m τ → √ s/2. This is due to two reasons: the signal cross section for staus is suppressed with respect to the smuon case because of the leptonic tau branching ratios, 2 BR(τ ± → µ ± ν τ ν µ ) × BR(τ ± → e ± ν τ ν e ) ≈ 1/16, and for the reasons discussed above, the sensitivity is not enhanced for m τ → √ s/2.
For much of the parameter space, the production cross section of the respective final states in our model is orders of magnitude larger than the smallest cross section we project to be within reach in Fig. 6 . For example, as long as we are far from the kinematic edge 3 for smuon pair production, m 2 µ s/4, the (e + e − → µ + µ − → µ + µ − χχ) production cross section takes values of order σ ∼ 100 fb for √ s = 500 GeV. It is thus interesting to ask how much luminosity would be required to probe most of the slepton parameter space at a future e + e − collider.
In Fig. 7 we show the smallest integrated luminosity L min which would probe the pair production of righthanded smuons at an e + e − collider with √ s = 500 GeV for two different configurations of the beam polarizations, P = (−0.8, −0.3) and P = (0.8, 0.3), where the former is mostly left-handed and the latter is mostly right-handed. We cut the color scale off at integrated luminosities L min = 10 −3 ab −1 . Future e + e − colliders are envisaged to operate with instantaneous luminosities L O(100) fb −1 yr −1 [2, 39, 40, 42, 48] . Thus, proposed e + e − colliders would collect L = 10 −3 ab −1 = 1 fb −1 of data within a few days of operations. Looking at Fig. 7 , √ s = 500 GeV, P = (-0.8,-0.3) √ s = 500 GeV, P = (0.8,0.3)
FIG. 8. Same as Fig. 7 but for right-handed staus in the (e ± µ ∓ + / E) final state.
we see that a few days of running a future e + e − collider at √ s = 500 GeV would suffice to detect or exclude smuons for most of the accessible parameter space m µ < √ s/2, even for very compressed spectra where m χ → m µ .
Comparing the two panels of Fig. 7 exemplifies the effect of the longitudinal polarization of the electron and positron beams on the sensitivity. The mostly right-handed polarization configuration of the beams P = (0.8, 0.3) allows coverage of a much larger portion of the parameter space for right-handed smuons than the mostly left-handed polarization configuration P = (−0.8, −0.3). While some sensitivity can be recovered by increasing the integrated luminosity, we see that using an advantageous polarization configuration for a given signal can reduce the luminosity required to cover a particular benchmark point by orders of magnitude. Translated into running time, this means that for the case of right-handed smuon pair production, running for a few days with P = (0.8, 0.3) yields better coverage of the parameter space than running for a few years with P = (−0.8, −0.3).
The behavior displayed by the two different panels in Fig. 7 is a rather extreme example of the effects of beam polarization. As discussed in Sec. III A, the sensitivity to left-handed smuons is much less dependent on the beam polarization because in that case the signal cross section and those of the most relevant backgrounds scale similarly with the beam polarization. The sensitivity to lefthanded smuons or smuons with non-vanishing left-right mixing angle would lie in between the two cases shown in Fig. 7 .
In Fig. 8 we show the smallest integrated luminosity L min required to probe right-handed staus at a √ s = 500 GeV e + e − collider in the (e ± µ ∓ + / E) final state. As for smuons in Fig. 7 , we assume that the signal cross section is given by the model described in Sec. II. Recall that the stau pair production cross section is fixed by gauge couplings, and in our model the only allowed decay channel is BR( τ ± → τ ± χ) = 1. For given values of the slepton mass m , the signal cross section into the (e ± µ ∓ + / E) final state for staus is thus the same as for smuons into (µ + µ − + / E), except for the suppression by the leptonic branching ratios of the taus, 2 BR(τ ± → µ ± ν µ ν τ ) × BR(τ ± → e ± ν e ν τ ) ≈ 1/16. While the backgrounds in the (e ± µ ∓ + / E) final state are also smaller than those in the (µ + µ − + / E) final state, cf. Sec. III B, the reduction of the signal cross section as well as the change in kinematic distributions still makes staus somewhat more challenging to probe than smuons. Nonetheless, Fig. 8 demonstrates that much of the kinematically accessible stau parameter space could be covered at a future e + e − collider with relatively low luminosity. As discussed above for the smuon case, the two panels of Fig. 8 bracket rather extreme cases, different choices for the beam polarizations or for the left-right mixing angle (including purely left-handed staus) lie in between these cases.
Finally, in Fig. 9 , we show projections for the smallest cross section σ min for fixed L = 1 ab −1 and the minimal luminosity L min when fixing the cross section to that in √ s = 500 GeV, P = (0.8,0.3) our model for probing staus in the (µ + µ − + / E) final state. We use similar, although more aggressive, kinematic cuts as for smuons in the (µ + µ − + / E) final state (see Tab. III and Fig. 13 ). As for smuons in the (µ + µ − + / E) final state and staus in (e ± µ ∓ + / E) discussed above, we optimize a signal window in the leading lepton momentum p( 1 ) in addition to these kinematic cuts to determine the sensitivity. Compared to the (e ± µ ∓ + / E) final state for which we showed results in the right panel of Fig. 6 and in Fig. 8 , we find that the (µ + µ − + / E) final state is less sensitive to staus regardless of the stau and neutralino masses. As discussed in Sec. III, while the signal distributions are practically unchanged between the two final states (before kinematic cuts), the (e ± µ ∓ + / E) final state suffers from less SM background.
B.
√ s = 250 GeV
In Fig. 10 , we show sensitivity projections to smuons in the (µ + µ − + / E) final state and staus in the (e ± µ ∓ + / E) final state for a √ s = 250 GeV e + e − collider with L = 0.5 ab −1 of data. We use the same set of kinematic cuts as for the corresponding √ s = 500 GeV projections, although with different numerical values for the cuts, as discussed in Appendices A and B.
The scaling of the smallest signal cross section which could be probed, σ min , with the masses of the slepton and neutralino is analogous to what we discussed above for the √ s = 500 GeV case. For smuons, the sensitivity is best (in terms of σ min ) for m χ /m µ ∼ 0.9, and close to the kinematic edge for smuon pair production, m µ → √ s/2. For staus, the sensitivity again does not deteriorate as much in the very compressed regime m χ → m τ as for the smuon case, but σ min also does not improve when approaching the kinematic edge m τ → √ s/2.
Compared to the signal production cross sections of the respective final states in our simplified model from Sec. II, indicated by the solid black and dashed red lines in Fig. 10 , we again find that almost all of the kinematically accessible parameter space with m < √ s/2 and m χ < m + m would be probed by a future e + e − collider. For most of the parameter space, the cross sections in our simplified model are again much larger than the values of σ min shown in Fig. 10 . Hence, most of the kinematically accessible parameter space would be covered with integrated luminosities L 1 ab −1 , i.e. with data from a few days of running a future e + e − collider.
While we find excellent sensitivity to smuons and staus even for √ s = 250 GeV, the parameter space coverage is hamstrung by the center-of-mass energy, leaving viable models with m 125 GeV unreachable. √ s = 250 GeV, L = 0.5 ab −1 , P = (0.8,0.3) In this paper, we explore the extent to which future e + e − colliders such as ILC, CLIC, CEPC, or the FCC-ee could probe extensions of the SM by said scalar lepton partners and a new neutral fermion. In analogy to SUSY models, we refer to these states as sleptons ( ) and neutralinos (χ), respectively. While SUSY models are well motivated realizations of models with such new states, our results directly apply to non-SUSY models, as discussed in Sec. II.
In this work, we have focused on scalar partners of the SM's muons and taus, which we refer to as smuons and staus, respectively. They could be pair produced at colliders, and subsequently each slepton would decay into the associated SM lepton and a neutralino. Since the neutralino would leave the detector without depositing energy, the collider signature for smuons is a pair of muons of opposite charge accompanied with missing energy, (µ + µ − + / E). For staus, a number of final states is possible depending on the decay mode of the taus produced in the stau decays. Here, we focused on leptonic tau decays. Considering SM backgrounds, the most promising final state from stau pair production is (e ± µ ∓ + / E). In order for a pair of on-shell sleptons to be produced at an e + e − collider, the slepton's mass, m , must be smaller than half the center-of-mass energy of the collider, √ s. Furthermore, for the slepton to be kinematically allowed to decay into a neutralino χ and a charged SM lepton of the same flavor as the slepton, the respective masses must satisfy m > m χ + m . In this work we have shown that future e + e − colliders could detect or rule out smuons or staus for most of the kinematically accessible parameter space (where m < √ s/2) with only a few days of data. This holds regardless of the mass gap m − m χ . This situation should be contrasted with the sensitivity of hadron colliders. With the data expected to be collected in future runs, the LHC could probe sleptons up to masses of m 500 GeV, but only for sizable mass gaps (m − m χ ) 60 GeV. Intermediate mass gaps are extremely challenging to probe at the LHC, while sensitivity can be regained for relatively (but not too) small mass gaps m − m χ ∼ 10 GeV for slepton masses up to m 200 GeV. In this study, we computed the sensitivity for a future e + e − collider operating at √ s = 250 GeV and √ s = 500 GeV. Our results suggest that a machine with significantly larger center-of-mass energy, e.g. CLIC, should likewise be able to probe sleptons up to m √ s/2 with a few fb −1 of data.
One particular motivation for BSM models containing scalar lepton partners and stable neutral fermions is that models of this type can explain the dark matter in the Universe. For example, dark matter scenarios where either a smuon [29] or a stau [26] [27] [28] is the next-to-lightest and a neutral fermion is the lightest new particle are well-motivated and can lead to distinctive signatures in direct and indirect dark matter searches. A future e + e − collider with √ s = 500 GeV could detect or rule out most of the feasible parameter space of these scenarios with only a few fb −1 of data. However, to completely probe stau coannihilation would require a collider, such as CLIC, with a higher center-of-mass energy.
We hope that this paper sheds light on the potential for discovery of new physics with a future e + e − collider. Electroweak precision physics, including measuring the properties of the observed Higgs boson to high precision, is a guaranteed and critical physics case for such a collider. Here, we have presented a broad class of models for which a future lepton collider would be capable of directly (and immediately) discovering new physics that would evade detection at the LHC.
In this Appendix we present a more detailed discussion of the kinematic cuts used for event selection in the (µ + µ − + / E) final state. There are a number of SM processes which give rise to backgrounds in this final state. We simulate exclusive samples of the final states:
• (e + e − → µ + µ − ), N = 10 7 ;
• (e + e − → µ + µ − + 2ν) N = 10 7 ;
• (e + e − → µ + µ − + 4ν), N = 5 × 10 6 ;
• (γγ → µ + µ − ), N = 10 9 ;
• (γγ → µ + µ − + 2ν) N = 10 7 ;
• (γγ → µ + µ − + 4ν), N = 10 7 ;
where ν denotes a neutrino or antineutrino of any flavor. The number of events N we simulate for the respective final state is chosen to yield sufficiently well sampled kinematic distributions of the backgrounds after kinematic cuts. In particular, the number of events we simulate for (γγ → µ + µ − ) processes is much larger than for the other background categories because, as we will see, (γγ → µ + µ − ) events surviving the kinematic cuts stem from the kinematic tails of the distribution. Hence, we need to oversample this background before kinematic cuts.
Because of the similarities of the kinematic distributions to signal events, we show (e + e − → W + W − → µ + µ − +2ν) events with an on-shell pair of W + W − bosons separately from the other (e + e − → µ + µ − + 2ν) backgrounds when plotting background distributions. Such events are identified post simulation from the (e + e − → µ + µ − +2ν) background samples using the simulation output at the truth level, i.e. before the detector simulation.
In addition to the background processes, we simulate signal samples for a grid of combinations of the slepton and neutralino masses, both for smuon pair production, (e + e − → µ + µ − → µ + µ − χχ) and for stau pair pro-
When showing kinematic distributions of the signal compared to the background, we select a set of benchmark values for the slepton and neutralino mass, while the sensitivity projections presented in Sec. IV make use of the full grid of mass combinations.
We use a set of kinematic observables for our event selection:
In the following, we describe the kinematic cuts used for event selection for smuon searches at √ s = 500 GeV. after the first set of kinematic cuts described in the text. We use the same colors for the respective background components and signal benchmarks as in Fig. 11 .
The kinematic cuts we use for √ s = 250 GeV differ only in the numeric values chosen for the kinematic cuts, cf. Tab. II. We will briefly comment on our selection of kinematic cuts for stau searches in the (µ + µ − + / E) final state at the end of this section; the numerical values of the corresponding kinematic cuts are listed in Tab. III.
In Fig. 11 we show the distribution of / E and cos θ( / E) for the backgrounds together with those for various benchmark signal distributions before kinematic cuts.
The background distributions are dominated by (e + e − → µ + µ − ) and (γγ → µ + µ − ) events because of the large corresponding production cross sections. While the signal events as well as background events with neutrinos in the final state do feature true missing transverse energy, this is not the case for (e + e − /γγ → µ + µ − ) backgrounds. For (e + e − → µ + µ − ) events, / E > 0 arises only from mis-measurements of the muon momenta in the detector. (γγ → µ + µ − ) events on the other hand do feature true / E, because the center-of-mass frame of the photons in the initial state does not coincide with the detector frame, but is boosted along the beam axis. However, such events do not feature true missing transverse energy. Thus, we require events to satisfy / E > 5 GeV, cos θ( / E) < 0.9, and ∆φ( + , − ) < 0.8 π. Effectively, these kinematic cuts amount to requiring events to feature non-vanishing missing transverse energy.
In Fig. 12 we show the cos θ( 1 ) and m distributions after this first series of kinematic cuts. Comparing to Fig. 11 , we see that the (e + e − /γγ → µ + µ − ) backgrounds are much reduced, and the largest remaining backgrounds are (e + e − → µ
We use a second set of kinematic cuts to further reduce the number of background events: From the cos θ( 1 ) distributions we can note that the backgrounds distributions peak at |cos θ( 1 )| → 1, while the signal distributions are largest at cos θ( 1 ) → 0. This behavior is due to the different physical processes giving rise to the respective distributions: Many of the background processes proceed via t-channel exchange of particles. Most importantly, one of the largest production channels for W + W − pairs at e + e − colliders is the t-channel exchange of a neutrino. Likewise, one of the largest contribution to (γγ → µ + µ − ) production stems from t-channel exchange of a muon. Signal events on the other hand are produced via s-channel exchange of a photon or Z-boson, cf. Fig. 1 . The signal-to-background ratio is thus enhanced by selecting events with |cos θ( 1 )| < 0.8, preferring s-channel over t-channel processes.
In order to reduce backgrounds stemming from [e + e − /γγ → (Z → µ + µ − ) + (Z → νν)] events, we exclude events where the invariant mass of the charged lepton system is approximately given by the mass of the Z-boson, m Z .
Finally, signal events contain a pair of massive neutralinos in the final state. Thus, some of the center-of-mass energy of the collision has to go to the production of these neutralinos, limiting the possible momenta of the charged leptons. Background events on the other hand contain only particles with masses negligible compared to √ s in the final state. We select events with m < 300 GeV to further enhance the ratio of signal to background events.
In Fig. 2 we show the p( 1 ) distributions after these kinematic cuts. When computing the sensitivity in Sec. IV, we optimize a signal window in p( 1 ) in addition to the kinematic cuts discussed above. From Fig. 2 we can already see that the benchmark points shown are straightforward to probe at a future collider with a few fb −1 of data, except close to the kinematic threshold for slepton pair production, m → √ s/2, where the slepton pair production cross section falls quickly because of the kinematic suppression, σ ∝ 1 − 4m 2 /s probing staus is complicated in two ways: The branching ratio for leptonic tau decays is BR(τ ± → µ ± ν µ ν τ ) ≈ 18 %, suppressing the signal cross section, and the additional neutrinos produced in the tau decays lead to softer muons in the final state than those from (e + e − → µ + µ − → µ + µ − χχ). In order to be sensitive to staus in the (µ + µ − + / E) finals state, one can attempt to reduce the background further by using more aggressive kinematic cuts than for smuon searches. Since the charged leptons are softer than for smuons, it is particularly useful to employ a more aggressive upper cut on the invariant mass of the leptons system.
In Fig. 13 we show the p( 1 ) distributions for benchmark values of the stau and neutralino masses together with the background distributions after the set of kinematic cuts listed in Tab. III. As we can see, while not impossible, despite the more aggressive kinematic cuts it is much more challenging to search for staus in the (µ + µ − + / E) final state than for smuons. We show the corresponding sensitivity in the plane of the stau and neutralino masses in Fig. 9 . Fortunately, another final state, (e ± µ ∓ + / E), is available for stau searches at lepton colliders. We discuss the event selection for stau searches in this final state in Appendix B. While the signal cross section as well as kinematic distributions of signal events is virtually the same for staus in the (e ± µ ∓ + / E) and the (µ + µ − + / E) final states, backgrounds are much lower because fewer SM processes give rise to (e ± µ ∓ + / E) final states than to (µ + µ − + / E) final states. In this Appendix we present a more detailed discussion of the kinematic cuts used for event selection in the (e ± µ ∓ + / E) final state. In order to account for SM backgrounds, we simulate exclusive samples of the final states:
• (e + e − → e ± µ ∓ + 2ν), N = 10 7 ;
• (e + e − → e ± µ ∓ + 4ν), N = 5 × 10 6 ;
• (γγ → e ± µ ∓ + 2ν), N = 10 7 ;
• (γγ → e ± µ ∓ + 4ν), N = 10 7 ;
where ν denotes a neutrino or antineutrino of any flavor, and N denotes the number of events we simulate for the respective final state. Compared to our background simulations in the (µ + µ − + / E) final state, we do not need to simulate background processes without neutrinos in the final state since flavor conservation forbids (e + e − /γγ → e ± µ ∓ ) production.
As for the (µ + µ − + / E) final state, we will show (e + e − → W + W − → e ± µ ∓ + 2ν) events with an onshell pair of W + W − boson separately from the other (e + e − → e ± µ ∓ + 2ν) backgrounds when plotting signal and background distributions. Such events are identified post-simulation from the (e + e − → e ± µ ∓ + 2ν) background sample using the simulation output at the truth level.
As for the (µ + µ − + / E) final state, we simulate signal samples from stau pair production [e + e − → τ + τ − → (τ ± → e ± ν e ν τ ) + (τ ∓ → µ ∓ ν µ ν τ ) + χχ]) for a grid of combinations of the stau and neutralino masses. When showing kinematic distributions of the signal compared to the background, we select a set of benchmark values for the stau and neutralino mass, while the sensitivity projections presented in Sec. IV make use of the full grid of mass combinations.
We use the same kinematic observables for our event selection as in the (µ + µ − + / E) final state. Note that we do not differentiate between kinematic variables of the electron and the muon in the final state beyond requiring events to feature exactly one reconstructed electron and one reconstructed muon of opposite charge.
In the following, we describe the kinematic cuts used for event selection for stau searches at √ s = 500 GeV. The kinematic cuts we use for √ s = 250 GeV differ only in the numeric values chosen for the kinematic cuts, cf. Tab. IV.
In Fig. 14 we show the / E and ∆φ( + , − ) distributions for the backgrounds together with those for various benchmark signal distributions before kinematic cuts. Compared to the distributions for the (µ + µ − + / E) final state, cf. Fig. 11 , we can note that due to the absence of the analogue of (e + e − /γγ → µ + µ − ) backgrounds, there is no need to use a lower cut on / E or an upper cut on | cos θ( / E)|. Because all SM events with exactly one electron and muon of (opposite charge) at e + e − colliders feature at least two neutrinos in the final state, all background events have true missing transverse energy.
From the / E distributions shown in the left panel of Fig. 14, we see that the signal distributions are peaked at relatively small values of / E while the backgrounds remain large for / E → √ s/2. There are two reasons for the smaller / E of the signal: First, the massive neutralinos in the final state absorb some of the center-of-mass energy, which thus cannot be distributed into the momenta of the states. Second, the signal process contains six states [four (massless) neutrinos and two (massive) neutralinos] in the final state which leave the detector without depositing energy. Since the momenta of these six states will partially cancel, the resulting / E is smaller than for the backgrounds, where the dominant component features only two neutrinos in the final state. Thus, we use an upper cut / E < 50 GeV to suppress background events.
In the right panel of Fig. 14 we show the ∆φ( + , − ) distribution. The backgrounds feature on average larger opening angles between the charged leptons than the signal for the same reasons as why the signal spectra feature rather small / E. When producing only massless neutrinos in addition to the charged leptons, the charged leptons are produced approximately back-to-back if the neutrinos are soft. Thus, we select events satisfying ∆φ( + , − ) < 0.8 π.
Finally, as discussed for smuon searches in the (µ + µ − + / E) final state, much of the background stems from tchannel processes while stau pairs are produced via schannel exchange of a photon or Z-boson. Hence, we select events with |cos θ( 1 )| < 0.6.
We show the p( 1 ) distributions after these kinematic cuts in Fig. 5 . Similarly to the smuon case in the (µ + µ − + / E) final state, we can immediately deduce that the benchmark points shown are straightforward to probe at future colliders, except close to the kinematic threshold for stau pair production, m τ → √ s/2. Different from the smuon case, most of the constraining power will now come from events with very soft leptons. This is be-cause, as discussed above, stau pair production gives rise to quite soft charged leptons, and SM backgrounds in the (e ± µ ∓ + / E) final state are relatively low at small lepton momenta.
